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Abstract

We analyzed the protein distribution of two cadherin-associated molecules, plakoglobin and
B-catenin, during the different stages of tooth development and tooth replacement in zebra-
fish. Plakoglobin was detected at the plasma membrane already at the onset of tooth devel-
opment in the epithelial cells of the tooth. This pattern remained unaltered during further
tooth development. The mesenchymal cells only showed plakoglobin from cytodifferentia-
tion onwards. Plakoglobin 1a morpholino-injected embryos showed normal tooth develop-
ment with proper initiation and differentiation. Although plakoglobin is clearly present during
normal odontogenesis, the loss of plakoglobin 1a does not influence tooth development. 8-
catenin was found at the cell borders of all cells of the successional lamina but also in the
nuclei of surrounding mesenchymal cells. Only membranous, not nuclear, B-catenin, was
found during morphogenesis stage. However, during cytodifferentiation stage, both nuclear
and membrane-bound B-catenin was detected in the layers of the enamel organ as well as
in the differentiating odontoblasts. Nuclear 3-catenin is an indication of an activated Wnt
pathway, therefore suggesting a possible role for Wnt signalling during zebrafish tooth
development and replacement.

Introduction

During the various phases of development of the vertebrate body, it is of major importance
that cells are capable of communicating with each other and of rearranging themselves. Adhe-
sion molecules play a very important role during the morphogenetic processes that underlie
development [1-4].

There are different types of cell junctions. Adherens junctions (AJs) are an important type
of intercellular junction, consisting of the cadherin-catenin complex. Cadherins represent an
important family of cell adhesion molecules, and include classical cadherins and desmosomal
cadherins. Classical cadherins are connected to the actin cytoskeleton through B-catenin. At
the cell membrane the cadherins cluster laterally to achieve strong adhesive forces. By
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connecting to cadherins at the neighbouring cell membrane, cells are held closely together [5-
7]. Desmosomes represent another type of intercellular junctions. They provide strong intercel-
lular adhesion by linking to the intermediate filament cytoskeleton, and are abundant in tissues
subjected to mechanical stress. Transmembrane desmosomal cadherins, i.e., desmocollins and
desmogleins, are coupled at the C-terminal end to the linker proteins plakophilin and plakoglo-
bin which together form the desmosomal plaque. This plaque is linked to the intermediate fila-
ments via desmoplakin, forming a characteristic highly organized, electron-dense structure
[8,9].

The cadherin-associated molecules plakoglobin and B-catenin are close homologues. Their
sequence is partially similar and they compete for the same binding site at the C-terminal
region of classical cadherins [10]. While plakoglobin has the capacity to substitute for 3-catenin
in AJs, B-catenin can also interact with desmosomal cadherins and therefore replace plakoglo-
bin at the desmosomes but only when excessive desmosomal cadherins are present or when
there is no plakoglobin available. These interactions suggest a cross-talk between adherens
junctions and desmosomes [11, 12].

Apart from functioning in cell adhesion, B-catenin is also known to play a role in the Wnt
pathway by binding to the LEF/TCF binding site in the nucleus [13-15]. Given the similarity
between B-catenin and plakoglobin, it is not surprising that plakoglobin can also bind LEF/
TCF. However, the role for these two close homologues in the Wnt signalling appears to be dis-
tinct. The precise role of plakoglobin in the Wnt signalling pathway is still controversial. The
complete knockout (KO) of either B-catenin or plakoglobin in mice, results in a lethal pheno-
type. Intriguingly, both phenotypes are distinctive of one another. The loss of B-catenin results
in animals missing dorsal structures while the plakoglobin null mouse fails to form correct des-
mosomal structures causing a failure in heart development [16, 17].

Tooth development has been used for many years as a paradigm for investigating organ
development. Not only do teeth result from multiple, reciprocal interactions between two tissue
layers, the epithelium and underlying mesenchyme, but these two tissue layers undergo exten-
sive morphogenetic movements. Tooth formation starts with the establishment of an epithelial
thickening, called placode. As the epithelium and underlying mesenchyme pass through differ-
ent stages of morphogenesis, both their cells need to rearrange before they can differentiate
and deposit tooth-specific matrices [18-20]. How such cell rearrangements are achieved, and
what the role of cell adhesion molecules is in this process, has only partially been addressed.

We have set out for a study aiming at elucidating the role of cell adhesion molecules during
development and replacement of teeth. To this end, we focus on the zebrafish since this species,
contrary to mammalian species, replaces its teeth throughout life. Zebrafish lack jaw teeth in
the oral cavity, but have pharyngeal teeth located on the fifth branchial arch. The full zebrafish
dentition consists of 11 teeth on each side, divided into three rows, called ventral (V), medio-
dorsal (MD) and dorsal (D) rows. The first tooth starts to develop at two days post-fertilization
(dpf) in position 4 of the ventral row (4V", superscript indicating the generation number).
soon followed by the adjacent teeth in the same row (i.e., 3V' and 5V"). At around 80 hours
post-fertilization (hpf) the first developing tooth attaches to the branchial arch, thereby becom-
ing functional. At the same time, a replacement tooth (i.e., 4V?) starts to develop from the base
of the crypt surrounding the functional tooth [21].

An earlier study on E-cadherin expression and distribution in zebrafish teeth has shown
that the epithelial-derived part of the tooth remains E-cadherin positive throughout develop-
ment. In contrast, the mesenchymal cells never display any E-cadherin expression [22].
Because of the absence of down-regulation of E-cadherin during the formation of a new tooth,
we expand our research to the cadherin-related molecules -catenin and plakoglobin. In the
mammary gland, the formation of an epithelial bud is accompanied with the down-regulation
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of the desmosomal compartment [23]. On the other hand, studies on cancer and tumor devel-
opment suggest that the loss of B-catenin might make the cadherin-catenin complex incompe-
tent. This would cause loss of adhesive strength and decrease the number of AJs present. Both
B-catenin and plakoglobin are expressed during murine tooth development, but the observa-
tions are scattered [24, 25]. In zebrafish, -catenin and plakoglobin have two paralogues, a
result of the genome duplication that has occurred in teleosts. Plakoglobin-1b is a shorter tran-
script than plakoglobin-1a and up till now it has not been linked to a certain function in zebra-
fish development. Plakoglobin-1a is described to play a critical role during cardiac
development and to have a signalling role during zebrafish development [26]. The two B-cate-
nin genes that have been discovered in zebrafish, B-catenin-1 and B-catenin-2, have distinct
roles during zebrafish development [27].

Here we describe the distribution of both -catenin and plakoglobin during tooth develop-
ment and tooth replacement, in first- and later-generation teeth. Using data from knockdown
experiments, we analyse the possible function of plakoglobin during tooth development.

Results

Distribution of plakoglobin during zebrafish tooth development and
replacement

At 48 hpf, plakoglobin is present in the pharyngeal epithelium as dots on the plasma mem-
brane, restricted to the side facing the pharyngeal lumen. This dotted distribution of plakoglo-
bin typically reflects the distribution of desmosomes. The mesenchymal cells surrounding the
pharyngeal epithelium do not show any expression of plakoglobin (Fig 1A and 1B). On both
sides of the midline the epithelium lining the floor of the presumptive pharyngeal cavity thick-
ens to form a placode. During morphogenesis, the cells of this placode protrude into the under-
lying mesenchyme creating the bell-shaped enamel organ of the developing tooth (4V", Fig 1C
and 1D, 72 hpf). During this stage, plakoglobin is strongly expressed at the plasmamembrane
of the cells of the enamel organ. In contrast, the condensed mesenchyme does not show any
plakoglobin expression. In addition, the keratinized pad, forming in the roof of the pharyngeal
cavity opposite the site where teeth develop, strongly expresses plakoglobin at the cell mem-
brane. The cells of the pharyngeal epithelium maintain their dotted plakoglobin expression
(Fig 1ICand 1D).

In 96 hpf specimens, tooth 4V" is flanked by tooth 3V' on its medial and tooth 5V" on its
lateral side. Tooth 4V" is now in cytodifferentiation stage, featuring the differentiation of the
inner dental epithelium of the enamel organ into ameloblasts and the differentiation of cells of
the dental papilla into odontoblasts. Teeth 3V' and 5V" have nearly completed morphogenesis.
In all teeth present, the expression pattern of plakoglobin is similar: plakoglobin is strongly
expressed in both the inner and the outer dental epithelium while the cells of the mesenchymal
dental papilla show a weak expression. The keratinized pad maintains its plakoglobin expres-
sion during further development and growth of the embryo (Fig 1E and 1F).

The first replacement tooth, tooth 4V?, starts to develop at around 80 hpf. Its initiation coin-
cides with the attachment and eruption of its predecessor. The enamel organ of the replace-
ment tooth expresses plakoglobin (Fig 1G and 1H). The reduced enamel organ of the
functional tooth is still expressing plakoglobin but less intense. Teeth 3V and 5V, now in late
cytodifferentiation stage, express plakoglobin in the inner and outer dental epithelium and the
differentiating odontoblasts (Fig 1G and 1G’).

Unlike the formation of a first-generation tooth, the initiation of a replacement tooth starts
with the formation of a so-called successional lamina, an outgrowth of the crypt epithelium
surrounding the functional tooth. A successional lamina cannot yet be distinguished in the first
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Fig 1. Plakoglobin distribution during the development of first-generation teeth. Cross-sections
through the pharyngeal region of a 48 hpf (A), 72 hpf (C), 96 hpf (E) and 100 hpf (G) zebrafish embryo and
corresponding schematic drawings in B, D, F and H. A,B: Initiation stage of tooth 4V'; the pharyngeal
epithelium (ph.e.) expresses plakoglobin, in contrast to the mesenchymal cells. C,D: Morphogenesis stage of
tooth 4V™; plakoglobin is clearly expressed at the cell borders of the epithelial-derived tissue (arrowhead).
The keratinized pad (k.p.) opposite the developing teeth, strongly expresses plakoglobin. Boxed area in C is
magnified in C'. E,F: Tooth 4V" in late cytodifferentiation stage; teeth 3V' and 5V in early cytodifferentiation
stage. All teeth present display plakoglobin expression in epithelial-derived cell layers. G,H: Initiation of the
first replacement tooth (arrow), 4V2. The epithelial outgrowth shows plakoglobin expression while the
condensed mesenchyme is negative. Boxed area in G is magnified in G’. Diagrams: blue patch: placode;
green line: contour of the tooth; orange: tooth matrix. Orientation: dorsal to the top, ventral to the bottom of
each figure; dashed line indicates mediosagittal plane. Additional abbreviations: ph.c: pharyngeal cavity; pl:
placode; *: dental papilla. Scale bars = 20 ym.

doi:10.1371/journal.pone.0148114.9001

replacement tooth 4V?, but becomes prominent in larger juveniles and adults. We have exam-
ined expression of plakoglobin in adult jaws, where the teeth have cycled through many gener-
ations. The cells of the successional lamina express plakoglobin very strongly at the cell
membrane while the mesenchymal tissue does not (Fig 2A). As tooth development progresses,
plakoglobin expression remains restricted to the epithelial-derived part of the tooth. During
morphogenesis stage, all cells of the epithelial enamel organ express plakoglobin. There is no
difference of intensity between the cervical loop and the rest of the enamel organ. The now
clearly condensed mesenchymal cells do not express plakoglobin (Fig 2B). When
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Fig 2. Plakoglobin distribution in adult replacement teeth. Cross-sections through one of the paired fifth branchial arches of an adult zebrafish. A: In
contrast to the surrounding mesenchyme, all the cells constituting the successional lamina (s.l.) express plakoglobin at their cell membrane. Also the cells of
the crypt epithelium express plakoglobin. B: Morphogenesis stage; the condensed mesenchyme constituting the dental papilla (black asterisk) is
plakoglobin-negative. The enamel organ (arrowhead), including cervical loops (white asterisk), is strongly expressing plakoglobin. C: During early
cytodifferentiation, the expression of plakoglobin remains limited to the inner and outer dental epithelium (arrowhead). D: Tooth in late cytodifferentiation
stage, showing plakoglobin expression in the enamel organ (arrowhead) and in the differentiating odontoblasts lining the dental papilla (asterisk). E: Erupted
functional tooth (FT) showing that even in a fully developed tooth plakoglobin expression persists in the reduced enamel organ (arrow). Orientation: dorsal to
the top, ventral to the bottom, medial to the right and lateral to the left of the figure. Additional abbreviations: c: crypt surrounding the tip of the functional
predecessor. Scale bars = 50 ym.

doi:10.1371/journal.pone.0148114.g002

cytodifferentiation starts, there is no visible change in expression of plakoglobin in the enamel
organ. Both inner and outer dental epithelium express plakoglobin equally strongly at the
plasma membrane. The differentiating odontoblasts also express plakoglobin, as do the other
cells of the dental papilla (Fig 2C and 2D). After attachment and eruption, the reduced enamel
organ still expresses plakoglobin (Fig 2E). Throughout the different stages of tooth develop-
ment, the cells of the epithelial crypt surrounding the functional tooth consistently express pla-
koglobin, with no visible variation in intensity or localisation of the signal. The mesenchymal
tissue surrounding the crypts and the developing teeth never expresses plakoglobin during any
stage of tooth development. In summary, both in first-generation and later-generation teeth
plakoglobin is present in the different layers of the developing enamel organ. The mesenchy-
mal-derived cells only show a weak signal for plakoglobin from cytodifferentiation onwards.
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The cells of the successional lamina strongly express plakoglobin, suggesting that the formation
of a new tooth is not accompanied by the loss of this desmosomal component.

Tooth development in plakoglobin morphant zebrafish

Given the sustained presence of plakoglobin in the epithelial enamel organ, and its presence in
the mesenchyme from cytodifferentiation onwards, we wished to determine the role of plako-
globin during zebrafish tooth development and/or replacement.

Plakoglobin-morpholino injected zebrafish have been reported to display a delayed mid-
brain-hindbrain border formation, reduced heart size and kinked tail [26, 28]. No attention
was paid so far to the tooth phenotype in these knockdown experiments.

Control-injected as well as morphant embryos are both delayed in development compared
to wild-type embryos, as indicated by retardation in cranial cartilage differentiation, yolk
resorption and pharyngeal lumen formation. At 72 hpf, control-injected and morphant
embryos display the first tooth, 4V, on both sides of the midline in early cytodifferentiation
stage. In morphants, tooth 4V" develops at the right position, and shows differentiation of the
enamel organ into inner and outer dental epithelium. Also the start of formation of matrix is
observed in the morphant embryos (Fig 3A and 3B).

Morphant embryos at 80 hpf display tooth 4V' and 5V, as in control embryos, with tooth
4V' in late and tooth 5V" in early cytodifferentiation stage (Fig 3C and 3D). At 96 hpf, all three
first tooth loci are occupied and the teeth do not display any abnormalities (Fig 3E and 3F).
Thus, in the absence of a functional plakoglobin protein, the teeth of the first generation still
develop, their enamel organ differentiates and the ameloblasts can produce a normal amount
of tooth matrix (enameloid) in conjunction with the odontoblasts. Given the general develop-
mental delay both in control and morphant embryos compared to wild-type, and given that
embryos did not survive beyond 96 hpf, we were unable to assess the effect of plakoglobin
knockdown in replacement tooth formation.

Distribution of B-catenin during zebrafish tooth development and
replacement

The data concerning the distribution of B-catenin during tooth development are based on
immunostaining of paraffin sections of adult jaws and are therefore limited to replacement
teeth.

B-catenin is expressed at the cell membrane of all cells constituting the successional lamina,
but not of the mesenchymal cells. However, both in the epithelial as well as in the mesenchymal
cells of the developing replacement tooth, B-catenin is present in some nuclei (Fig 4A and 4A’).

During morphogenesis stage, when the epithelium further invaginates and the mesenchyme
condenses, B-catenin is expressed in the enamel organ but not in the condensed mesenchyme.
Both the inner and outer dental epithelium express B-catenin at the plasma membrane. B-cate-
nin is however no longer observed in the nuclei (Fig 4B).

Once cytodifferentiation starts, the expression of B-catenin expands. While B-catenin
remains expressed at the plasma membrane in the inner and outer dental epithelium, it is now
also expressed in the differentiated, polarized odontoblasts that line the dentine matrix. In
these cells B-catenin is expressed both at the cell membrane and in the nucleus. The B-catenin
signal in the centre of the dental papilla is either very low or completely lacking (Fig 4C and
4C).

In the functional tooth, B-catenin is expressed at the plasma membrane of the cells of the
reduced enamel organ as well as in the odontoblasts, both in the nucleus and at the plasma
membrane. The expression is much weaker in the centre of the dental papilla (now called
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Fig 3. Comparing tooth development in control-injected and plakoglobin morpholino-injected zebrafish. A,C,E: cross-sections through the
pharyngeal cavity (ph.c.) of control-injected zebrafish at 72, 80 and 96 hpf, respectively; B,D,F: cross-sections at approximately the same level in plakoglobin
morphant (MO) zebrafish at 72, 80 and 96 hpf, respectively. A,B: In both control-injected and morphant embryos the first tooth to develop, 4V' is in early
cytodifferentiation stage. C,D: Tooth 4V has continued to develop in control-injected and morphant embryos. Moreover, tooth 5V is also visible in both
dentitions. E,F: The first three tooth positions develop normally in both control-injected and in morphant zebrafish. Orientation: dorsal to the top, ventral to the
bottom of each figure; dashed line indicates mediosagittal plane. Additional abbreviations: ph.e: pharyneal epithelium, line: contour of the developing tooth.
Scale bars =20 pm.

doi:10.1371/journal.pone.0148114.g003

dental pulp). B-catenin is also expressed at the plasma membrane of the cells constituting the
epithelial crypts surrounding the functional tooth (Fig 4D).

Discussion

In this study we show the distribution of two closely related cell adhesion molecules during the
development and replacement of zebrafish teeth. B-catenin and plakoglobin are expressed by
the same cell layers, but B-catenin has a broader distribution. Plakoglobin expression is
restricted to the epithelial-derived part of the tooth during initiation and morphogenesis stage
but expands to the dental papilla from cytodifferentiation onwards. -catenin is also expressed
both in the epithelial enamel organ and in the mesenchymal-derived dental papilla. However,
unlike plakoglobin, B-catenin is also found in the nuclei of cells of the enamel organ and of
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Fig 4. B-catenin distribution during the development of adult replacement teeth. A/A’: The successional lamina (s.l.) shows expression of 3-catenin at
the cell membrane and in some nuclei. The mesenchyme also displays nuclear 3-catenin. B: B-catenin is detected only at the plasma membrane of the
epithelial cells during morphogenesis stage (arrowhead). C: In the enamel organ (arrowhead) 3-catenin is expressed at the plasma membrane of cells of both
inner and outer dental epithelium. C’: The dental papilla (asterisk) shows odontoblasts with membrane-bound and nuclear 3-catenin expression. D: During
late cytodifferentiation stage, B-catenin remains expressed in both the inner and outer dental epithelium as well as in the polarized odontoblasts (arrow)
adjoining the tooth matrix. Orientation: dorsal to the top, ventral to the bottom, medial to the right and lateral to the left of the figure. Additional abbreviations: c:
crypt slightly posterior to the tip of the functional predecessor; FT: functional tooth. Scale bars = 50 um.

doi:10.1371/journal.pone.0148114.g004

differentiating odontoblasts. The analysis of plakoglobin morphant embryos revealed no
abnormalities as the first three teeth developed normally.

The scarce data available on plakoglobin distribution in teeth are limited to the mouse
model, where its expression parallels that observed here in zebrafish. In both species, plakoglo-
bin is expressed in the epithelial part of the developing tooth. In mice, an asymmetrical distri-
bution has been observed, the plakoglobin protein signal being weaker on the medial side of
the tooth [24, 29]. While the epithelial downgrowth that produces the tooth in zebrafish is
skewed towards the future attachment site [30], and some proteins are unevenly distributed on
both sides of the tooth during cytodifferentiation [22] an uneven distribution of plakoglobin is
not observed.

The distribution of B-catenin during tooth development has been studied previously in mice
and in humans [25, 31-33]. Both in mice and in humans, the enamel organ is expressing 8-
catenin throughout tooth development with a stronger expression of -catenin in the enamel

PLOS ONE | DOI:10.1371/journal.pone.0148114 March 3, 2016 8/14



@’PLOS ‘ ONE

Beta-Catenin and Plakoglobin during Zebrafish Tooth Development

knot. The enamel knot is known to be a signalling centre which is especially important for cusp
formation. In zebrafish teeth, which display only one single cusp, an enamel knot has not yet
been identified. Different from the mouse, expression of B-catenin in zebrafish was found in
the cells of the dental papilla. In the mouse, the dental papilla is expressing B-catenin weakly
and the differentiating odontoblasts have been reported to be negative. In human teeth, how-
ever, B-catenin expression is observed in the dental papilla and the odontoblasts [25, 31, 32],
resembling the situation in zebrafish.

In previous studies, we have shown that both first-generation or later-generation zebrafish
teeth form without a detectable down-regulation of E-cadherin [22, 34], refuting a hypothesis
proposed by Jamora et al. (2003), accounting for the morphogenesis of an epithelial bud. In the
absence of a detectable down-regulation of E-cadherin, how does the placode progress into a
downgrowth eventually forming a bell? Two possible explanations have been suggested with
regard to different epithelial appendages. In early morphogenesis of the mammary gland and of
hair placodes in mice, E-cadherin and B-catenin are present. Yet, instead of a decrease in number
of adherens junctions (AJs), the desmosomal components (such as desmoglein, desmocollin, pla-
koglobin and desmoplakin) are down-regulated during early development [23, 35]. In zebrafish,
plakoglobin expression persists in the enamel organ throughout tooth development, suggesting
that desmosomes are not disassembled. Second, studies on cancer and tumor development have
suggested that the loss of B-catenin could make the cadherin-catenin complex incompetent, caus-
ing the loss of adhesive strength [36, 37]. In zebrafish E-cadherin is present throughout tooth
development at the plasma membrane, as is B-catenin, suggesting their linkage. Thus, neither a
reduction nor a dysfunction of AJs or desmosomes appears to be involved.

Since plakoglobin showed such a strong and specific expression during zebrafish tooth
development, plakoglobin morpholino-injected zebrafish were studied. Until 96 hpf, there was
no detectable difference between control-injected and morphant larvae. Both morphant and
control zebrafish developed teeth at the correct positions. Hence, reduction of plakoglobin did
not alter the possibility to initiate and further develop teeth. Furthermore, the morphant teeth
were also capable of differentiating, as enameloid was formed. This indicates that plakoglobin
is not necessary for the differentiation of the inner dental epithelium or the odontoblasts
(which participate in enameloid formation, cf. [38, 39]). Tooth development is not altered
despite the loss of an important component of the desmosomes, suggesting that desmosomes
do not play a significant role during tooth development or that the absence of plakoglobin 1a is
rescued, either by plakoglobin 1b or by B-catenin. Plakoglobin resembles B-catenin as they
both contain multiple Armadillo (Arm) repeats. Therefore, B-catenin and plakoglobin func-
tions are possibly redundant. The affinity of -catenin for binding E-cadherin is much stronger
than that of plakoglobin for E-cadherin [40]. Plakoglobin on the other hand has a higher affin-
ity for desmosomal cadherins than for classical cadherins [41]. However, both in cell culture
experiments and in KO mice where B-catenin is depleted, plakoglobin compensates for B-cate-
nin in AJs [40, 42]. In the complete absence of plakoglobin, B-catenin can replace plakoglobin
in the desmosomes in mice [11]. Given that B-catenin is found in all cells that express plakoglo-
bin, it is possible that B-catenin rescues the integrity of the desmosomes in developing zebrafish
teeth by substituting for plakoglobin.

Plakoglobin KO mice die because of severe defects in the developing heart due to the lack of
desmosomes. The intestinal epithelium and hair follicle development of these plakoglobin null
embryos was not altered and AJs were unaffected demonstrating that epithelial-derived tissues
can develop normally without plakoglobin [11, 41]. Cell culture experiments have shown that,
when plakoglobin expression was inhibited, the cadherin typical for the cell type remained largely
unaffected. Yet, the cells showed a significant reduction of adhesive strength [43]. Thus, without
plakoglobin, adhesion can be reduced while at the same time the cadherin-catenin complex
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remains functional. This could explain why tooth initiation and morphogenesis, which is
assumed to require a decrease in adhesion, can progress normally in plakoglobin morphants.

Next to its important function in cell adhesion, B-catenin is also known to be a key mediator
of Wnt signalling. The presence of nuclear B-catenin is considered a valid proxy for active Wnt
signalling [44]. Several studies have shown the importance of Wnt signalling during tooth devel-
opment, not only in mice but also in non-mammalians. An active Wnt pathway is necessary for
normal murine tooth development [45-52]. A recent study on zebrafish teeth suggests that Wnt
signalling is repressed during morphogenesis and cytodifferentiation stage [53]. Our immunohis-
tochemistry results show absence of nuclear p-catenin at morphogenesis stage but presence of
nuclear B-catenin from cytodifferentiation onwards in some of the odontoblasts. These observa-
tions largely correspond to the data of Huysseune and colleagues (2014) based on dkk1 expres-
sion and therefore suggests that also in zebrafish tooth development Wnt signalling is required
for normal tooth development [53]. We were unable to determine the role of B-catenin during
tooth development using -catenin MO-injected zebrafish since these do not survive until the
start of tooth formation. Likewise, the B-catenin mutant zebrafish ichabod is not useful either as
their embryos are deficient for maternal, but not zygotically expressed B-catenin-2 [27].

While B-catenin and plakoglobin share at least some functions, plakoglobin was long
thought not to be involved in Wnt signalling. Only later it was discovered that plakoglobin can
act on its own in the Wnt signalling pathway by binding to LEF/TCF in the nucleus [8, 54, 55].
As we did not detect plakoglobin in the nucleus, we conclude that tooth development in zebra-
fish is not influenced by plakoglobin-induced Wnt signalling.

Summarizing, we were able to show the distribution of B-catenin and plakoglobin during
the different stages of zebrafish tooth development. These cell adhesion-related molecules were
expressed in both the epithelial as well as the mesenchymal component of the developing
tooth. Unlike plakoglobin, B-catenin signal could be detected in numerous nuclei suggesting
that Wnt signalling is active during initiation but repressed during morphogenesis stage.
Although plakoglobin is strongly expressed in developing teeth, the loss of plakoglobin does
not seem to affect tooth development as plakoglobin morphants do not show any tooth defect.
Neither B-catenin nor plakoglobin is down-regulated during initiation of a new tooth placode.
How and which cell adhesion molecules are regulated to obtain the fine balance between
reduced adhesion and proper development, needs to be further examined.

Material and Methods
Zebrafish collection

Wild-type (wt) zebrafish were raised in a 14h light / 10h dark light regime at the standard tem-
perature of 28.5°C [56]. Embryos, larvae and adults were sacrificed by an overdose of MS222
(3-aminobenzoic acid ethyl ester) according to the Belgian law on the protection of laboratory
animals (KB d.d. 13 September 2004). Embryos and larvae were collected every 4 hours, start-
ing at 40 hpf. In addition, fifth branchial arches were dissected from adult zebrafish, using a
Leica MZ Apo dissecting microscope and microscissors.

Since euthanasia is not considered an animal experiment, and since developing zebrafish
should be regarded as protected animals under the new legislation of animal welfare (EU 2010/
63/EU) only from 120 hpf onwards [57], an authorisation of an ethics committee is not
available.

Plakoglobin morphant zebrafish

Plakoglobin morpholino-injected, control morpholino-injected and wild-type zebrafish were
obtained from the lab of Dr. M. Grealy (Galway, Ireland). One- to 2-cell stage embryos have
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been injected with 5 ng of a morpholino constructed to prevent translation of plakoglobin-1la
mRNA or with a 5 base pair (bp) mismatch morpholino as control [26]. The batch was raised
under standard conditions and sacrificed at specific time points. The knockdown of plakoglo-
bin in morpholino injected embryos was confirmed by western blotting [26].

Histological analysis of plakoglobin morphants

Plakoglobin MO-injected embryos and larvae were fixed overnight at 4°C in 4% paraformalde-
hyde (PFA) in phosphate buffered saline (PBS) and embedded in epon according to standard
procedures. Semithin (1 pm) sections were made using a diamond knife. Next, the epon sec-
tions were stained with toluidine blue (0.5% toluidine blue, 1% borax in bidistilled water) for
detailed histological analysis.

Immunohistochemistry

Wild-type embryos and larvae were fixed overnight at 4°C in 4% PFA in PBS, depigmented,
dehydrated in an increasing methanol (MeOH) series and stored in 100% MeOH at -20°C for
whole-mount analysis.

The fifth branchial arches dissected from adult zebrafish were fixed overnight at 4°C in 4%
PFA in PBS, decalcified in Morse’s solution (10% sodium citrate, 22,5% formic acid) for several
days at 4°C, embedded in paraffin according to standard procedures and sectioned at 5 um
with a Prosan Microm HM360 microtome.

To generate data on first-generation teeth and the first replacement tooth (tooth 4V?),
embryos and larvae were processed for whole mount immunohistochemistry as described pre-
viously [58]. Primary antibody used was anti-plakoglobin clone 15 (1/500, BD Transduction
Laboratories). This anti-plakoglobin antibody recognizes only plakoglobin 1a of the two para-
logues and was validated by western blot [26]. Secondary antibody of goat-anti-mouse-biotin
labeled IgG (1/300, Dako) was used. The signal was enhanced by the use of streptABComplex-
horseradish peroxidase (Dako) and 3,3'-Diaminobenzidine (DAB) was used for visualization.

Data on tooth replacement were generated from the dissected branchial arches through
immunohistochemistry on paraffin sections. After deparaffination and hydration, the sections
were rinsed with PBS before blocking endogenous peroxidase in 1% H,0, in MeOH for 45
minutes in the dark. Next, the sections were submerged in citrate buffer at 95°C for 20 minutes
to retrieve the epitopes. After cooling to room temperature (RT), the sections were blocked
with 1% Bovine serum albumin and 1% sheep serum in 1xPBS for 2h at RT and next incubated
overnight at 4°C with the primary antibody. We used anti-plakoglobin clone 15 (1/500, BD
Transduction Laboratories) or anti-B-catenin C7207 (1/300, Sigma). The latter was used by dif-
ferent authors (e.g. [59-61]) to immunolocalize beta-catenin without further distinction
between the proteins of both paralogs. After washing, the secondary antibody goat-anti-
mouse-biotin labelled IgG (1/300, Dako) or goat-anti-rabbit-biotin labelled IgG (1/300, Dako)
was applied for 1h at RT. Afterwards, the sections were incubated with streptABComplex
labelled with peroxidase (Dako) for 45 minutes at RT to increase the signal. Finally, 3,3'-Diami-
nobenzidine (DAB) was used for visualization.
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